2H and l3C spin-lattice (Td relaxation time studies of 1,2-dipalmit~yl-sn-gly~ro-3-phospho choline (DPPC) in the lamellar, liquid crystalline (La) phase are discussed. It IS shown that the T I -I results as a function of Larmor frequency (do are statistically better described by an (do 1/2 dependence than by an (do I or (do-2 dependence.
The measurement and interpretation of the nuclear spin-lattice (Td relaxation times of lipid bilayers have attracted much recent interest (for citations to earlier literature see Ref. 1). The goal of such studies is to determine the type of model which best describes the structural dynamics of these and related anisotropic systems, to define the physically significant parameters, and to characterize the influences of proteins and cholesterol on the rates and amplitudes of the molecular motions. Recently it has become clear that the reorientations of the acyl chains of the saturated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DppC)2 bilayer, in the liquid crystalline (La) state, have aspects which cannot be explained by a simple liquid-like diffusion picture. 1,3-9 Rather, it appears that a distribution of motions with characteristic time scales and amplitudes must be considered. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Experimentally, it is observed that the spin-lattice relaxation rates (T 1-I) of lipid bilayers decrease with increasing resonance frequency (do, i.e., increasing magnetic field strength. s -7 ,17 Three broad classes of models which describe the influences of relatively slow fluctuations in the local ordering set up by faster segmental motions have been discussed. By analogy with nematic and smectic liquid crystals, such motions are termed director or order fluctuations. 18 The first is a simple Lorentzian model, in which the slow motions fall into the long correlation time regime, leading to an (do-2 frequency dependence. I ,3,8,9 In the second type of model, the director fluctuations are viewed to be intrinsically long range in nature and to be described by a continuous distribution of elastic or first order relaxation modes, resulting in an (do 112 dependence. 1, 5, 8, 9, 11, 19 Thirdly and most recently, Marqusee et al. 20 have proposed that the reduced dimensionality of membrane systems should be considered in terms of an interfacial collective model, which predicts an (do I dependence. 21 It should also be noted that the presence of director fluctuations of significant amplitude due to elastic tilting modes in lipid bilayers has been questioned. 22 ,23 As a fourth alternative, Kimmich and co_workers 22 , 24, 25 have proposed a model which attributes the relaxation dispersion to the one-dimensional diffusion of rotameric defects such as kinks (g ± tg =F ) along the hydrocarbon chains. Such a model predicts an (do-112 frequency dependence in the MHz regime and an (do-3/2 dependence at higher frequencies. 22 Thus, assuming that the frequency dependence of the 2H and l3C NMR spin-lattice relaxation rates of lipid bilayers in the MHz regime 6 ,7,14,26 can be described by a power law of the form 8 0) Alfred P. Sloan Research Fellow.
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where the rl are adjustable parameters, the theoretically predicted values for r2 are 1/2 (collective and defect diffusion models), 1 (interfacial collective model), and 2 (Lorentzian or noncollective model). Figure  1 shows plots of the logarithm of the 2H spin-lattice relaxation rates T I -I obtained for the multilamellar dispersions of specifically deuterated DPPC vs the logarithm of the resonance frequency (do. The results of fitting the data for the C-4 and C-8 segment positions to the (do-112 and (do-I frequency dependences with the parameters of Table I are shown. At present it is not possible to distinguish the two models based on the 2H NMR results alone (Table I ; Fig. 1 ) due to the limited number of frequencies which are available; the data disfavor an (do-2 dependence, however. I Further 2H NMR studies are clearly desirable.
More extensive T I -I data as a function offrequency are available from l3C NMR studies of small unilamellar vesicles of DPPC in the liquid crystalline phase. 7 ,26 For the case of 13C NMR, the spin-lattice relaxation is intramolecular and due to orientational fluctuations in the direct dipolar interaction between the covalently bonded 13C and IH nuclei. NMR studies of vesicles are advantageous in that one can employ conventional high-resolution Ff NMR spectrometers with di1ferent fixed magnetic field strengths to measure the frequency dependence of T I • 7 Although the physical state of phospholipids in unilamellar vesicles and multilamellar dispersions is not the same, significant differences in their 2H and 13C TI values are not observed experimentally.14,26,29 Thus, the motions affecting the spin-lattice relaxation, in the MHz regime, do not appear greatly influenced by whether the phospholipids are organized into multilamellar with well-defined interbilayer spacings, or in small unilamellar vesicles which undergo rapid isotropic tumbling, 7 The results of nonlinear regression fitting of the 13C TI values of each of the resolved head group and acyl chain resonances of vesicles of DPPC to Eq. (1) at three different temperatures in the liquid crystalline state (50, 65, 80°C), holding the exponent -r2 fixed at either -1/2 or -1, are shown in Table I ; i.e., two adjustable parameters are assumed. 13C TI data at seven different frequencies from 15.0-126 MHz, representing seven different NMR spectrometers operating at di1ferent magnetic field strengths, are included.
7 It should be remarked that the unresolved (CH 2 )" resonance due to the C-4 to C-13 chain segments has the best spectral signallnoise,7 and these results are considered most significant. The data for the other segments are consistent with the results obtained for the C-4 to C-13 methylene groups, Based on the X! values, the data appear in most cases better approximated by an wo-1/2 dependence than by an w o -I dependence. (There are some exceptions, however; cf. Table I .) The 13C T I -I data can also be fit to Eq. (1) can be averaged at each of the temperatures. Table II shows
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". " Tables I and II show that little price is paid, as judged by the magnitudes of X~, in constraining r 2 to be equal to 1/2 (Table I) vs the corresponding results with three adjustable parameters (Table II) . Thus one can conclude that an (J)o-112 dependence provides an adequate fit to the data assuming Eq. (1). However, the fits in Table I with r 2 constrained to a value of 1 have in most cases substantially larger values of X~ relative to the corresponding fits in Table  II employing three parameters. Figure 2 shows a plot of log T I -I vs log (J)o for the (CH 2 )" resonance of vesicles of DPPC at 50 'C, together with the fit to Eq. (1) employing the parameters of Table II . In addition, the fits to Eq. (1) assuming an (J)o-1/2 and (J)o-I dependence with the parameters of Table I are included. As can be seen, the two-parameter fit assuming an exponent -r2 = -1/2 is almost indistinguishable from the three-parameter fit, whereas the two-parameter fit with -r2 = -1 deviates consistently from the experimental data points. Similar results are obtained at 65 and 80'C (not shown). Thus, it appears that the 13C NMR results (Tables I and II Fig. 3(a) ] and the data require a somewhat weaker dependence on the inverse frequency to yield a linear relationship. 7 Even the (J)o-I dependence appears too strong, however, and plots of Til vs (J)o-I also appear curved [ Fig. 3(b) ]. Rather, a negative exponent of 0.5 or less in absolute magnitude is necessary for a linear (Table I; see the text).
dependence [ Fig. 3(c) ). Of the models considered, the {/Jo-1/2 dependence appears most successful in accounting for the experimental 13C TI data (pp. 2824-5 of Ref. 8). Similar results are obtained for the other resolved acyl chain 13C resonances of the DPPC vesicles (not shown). Thus, although the 2H and 13C TI data cover slightly less than a decade of frequencies (field strengths), the present results allow one to begin to distinguish among certain simplified forms for the relaxation frequency dependence.
8 A statistical analysis of the data assuming random errors suggests that an {/Jo-112 dependence is favored over an {/Jo-I or {/Jo-2 dependence. I ,8,9 However, the present results do not rule out or distinguish models which closely approximate an (/Jo-1/2 dependence over the range studied 8 or yield a somewhat weaker dependence on the inverse frequency. 
